Children with hereditary tyrosinemia type 1 (HT1) suffer from liver failure, renal tubular dysfunction, and rickets. The disease is caused by deficiency of fumarylacetoacetate hydrolase (FAH), the last enzyme of tyrosine catabolism, and leads to accumulation of the toxic substrate fumarylacetoacetate (FAA) in hepatocytes and renal proximal tubular cells. Patients are treated with 2-(2-nitro-4-trifluoro-methylbenzoyl)-1,3 cyclohexanedione (NTBC), which prevents accumulation of FAA by blocking an enzyme upstream of FAH. Liver transplantation is performed when patients do not respond to NTBC or develop hepatocellular carcinoma. This reduces the tyrosine load for the kidney but does not abolish renal exposure to locally produced FAA. To investigate the pathogenesis of liver and kidney damage induced by tyrosine metabolites, we challenged FAH
H
T1 is a metabolic disorder of autosomal recessive inheritance that is caused by deficiency of FAH (EC 3.7.1.2.), the enzyme catalyzing the final step of tyrosine catabolism (Fig. 1 ). This enzyme defect leads to accumulation of the toxic substrate of FAH, FAA, in the liver and kidneys (1) . Patients diagnosed with the acute form of HT1 (2) with symptoms appearing during the first months of life suffer from severe progressive liver disease that is life threatening. The late presenting form, which does not lead to clinical symptoms before the age of 6 mo, has a less aggressive progression and presents with renal tubular defects, hypophosphatemic rickets, and mild liver disease. Hepatocellular carcinoma (HCC) is a frequent complication of this form of HT1 (3, 4) .
Until the early 1990s, the main therapy for HT1 was orthotopic liver transplantation (OLT) (5) . OLT has a beneficial effect on the tubular dysfunction of some HT1 patients (1, 6) , but patients who continued to have renal problems after successful OLT have also been reported (7) (8) (9) (10) . Since 1992, HT1 patients have been treated with NTBC in combination with a diet low in phenylalanine and tyrosine (11) . NTBC reduces the accumulation of FAA by blocking the activity of 4-hydroxyphenylpyruvate dioxygenase (HPD), an enzyme acting upstream of FAH ( Fig. 1) , and has been shown to improve both liver and kidney function in approximately 90% of HT1 patients (12) (13) (14) . The 10% of patients not responding to NTBC remain dependent on OLT for survival (15) . Now that both OLT and NTBC treatment have markedly increased the life expectancy of patients with HT1, studies are needed to answer the questions regarding the long-term problems that may be encountered during and after treatment of these patients. First, several HT1 patients have already been reported, who, despite NTBC treatment, developed HCC (15, 16) . It is not clear yet which mechanisms lie at the basis of the development of liver cancer in these patients. Second, little is known about the sensitivity of the kidneys to damage induced by HT1, and the currently used doses of NTBC may not suffice to completely prevent deterioration of kidney function in NTBC-treated HT1 patients. Third, it is not known whether deterioration of kidney function induced by HT1 is a potential hazard for patients treated with OLT. To begin to address these questions, we extended our investigations of the development of liver and kidney damage in Fah knockout (Fah Ϫ/Ϫ ) mice, which provide a good model to investigate the pathogenesis of HT1. Without treatment, Fah Ϫ/Ϫ mice die of acute liver failure, which can be prevented by NTBC treatment started prenatally (17) . Exposure of NTBC-treated Fah Ϫ/Ϫ mice to high doses of HGA, a tyrosine metabolite and precursor of FAA, induces massive cell death in their liver and kidneys. Fah Ϫ/Ϫ mice, in which NTBC was withdrawn for 15 d and that developed the HT1 phenotype, acquire resistance to this form of cell death (18, 19) . We then exposed the Fah function by performing various tests in plasma and urine and studied the histopathologic features of liver and kidneys.
METHODS

Animals and treatment. Fah
Ϫ/Ϫ mice (C57Bl/6) (17), 3 to 4 mo old, were maintained in a temperature-controlled environment with a 12-h light/dark cycle and allowed food (Special Diets Services, Essex, UK) ad libitum. Animals were treated according to the guidelines of the Dutch Animal Ethical Committee. All animals received drinking water provided with NTBC (1 mg/kg body weight/d) (Swedish Orphan AB, Stockholm, Sweden). NTBC was provided from the fetal stage on by treatment (4 mg/kg body weight/d) of the pregnant and nursing females.
Experimental approach. To induce the HT1 phenotype, NTBC was withdrawn from adult Fah Ϫ/Ϫ mice for 15 d (18, 19) . To study the development of liver and kidney damage, Fah Ϫ/Ϫ mice on and off NTBC were injected intraperitoneally with a single dose of 800 (18) , 400, 200, or 100 mg/kg body weight HGA (Sigma Chemical Co., St. Louis, MO). All mice were killed by cervical dislocation. The mice receiving 800 mg/kg HGA were killed 4 h after injection; those receiving 400 mg/kg HGA were killed 4 and 18 h after injection, and the mice receiving 200 and 100 mg/kg HGA were killed 4, 18, and 48 h after injection. The experimental groups consisted of two to four age-matched mice. Parts of the liver and kidneys of each mouse were fixed in a mixture containing a 2:2:1 ratio of methanol:acetone:water, and the rest of the liver and kidneys were snap frozen in liquid nitrogen and stored at Ϫ70°C.
Histologic and histochemical examinations. For microscopic examination, tissues were dehydrated in a series of graded ethanol and embedded in paraffin wax at 58°C. Sections were stained with hematoxylin and eosin for histomorphologic evaluation and used for immunohistochemical detection of the processed form of caspase-3 according to manufacturer's instructions (Cell Signaling Technology, Beverly, MA).
The 3=-OH DNA ends resulting from DNA fragmentation were labeled using the TUNEL assay (Promega, Madison, WI), according to the manufacturer's instructions. The labeled 3=-OH DNA ends were visualized using 3,3=-diaminobenzidine. Lightgreen (0.2%) was used for counterstaining.
For evaluating cleaved caspase-3-positive and TUNEL-positive cells, four randomly chosen areas per section were analyzed. In each area, 100 hepatocytes in liver sections and 100 tubules in kidney sections were deemed positive or negative by two independent examiners. Biochemical analyses in urine and blood. After decapitation, blood was collected and immediately mixed with sodium heparin. Plasma was separated and stored at Ϫ20°C. Urine was collected before the mice were killed. Plasma levels of creatinine, urea, glucose, and alkaline phosphatase and urinary creatinine, urea, and glucose were measured using an automated analyzer (VITROS Chemistry Products, Ortho-Clinical Diagnostics, Inc., Rochester, NY).
RESULTS
Clinical features and macroscopic examination of tissues of experimental Fah
؊/؊ mice on and off NTBC. Fah Ϫ/Ϫ mice on and off NTBC were subjected to intraperitoneal administration of various doses of HGA and harvested at different time points after injection to enable the study of the pathology associated with FAH deficiency. The clinical symptoms and macroscopic appearance of the liver and kidneys of the experimental mice were assessed. Unchallenged Fah Ϫ/Ϫ mice on NTBC had a healthy phenotype (17) . NTBC-treated Fah Ϫ/Ϫ mice became ill 2 h after injection of 800 mg/kg HGA and showed signs of severe illness when killed 4 h after injection, as has been described previously (18) . They were markedly less affected by administration of 400 mg/kg HGA, displaying diminished activity as the sole sign of illness 18 h after injection. They showed no signs of illness at any investigated time point after injection of 200 or 100 mg/kg of HGA.
Livers of NTBC-treated Fah
Ϫ/Ϫ mice, either unchallenged or challenged with any of the investigated doses of HGA, had a normal macroscopic appearance. The kidneys of these mice were enlarged and pale 18 and 48 h after challenge with 200 or 100 mg/kg HGA.
Fah Ϫ/Ϫ mice from which NTBC had been withdrawn for 15 d had a very mild clinical phenotype, the only apparent feature being an increased production of urine. They did not show any additional clinical features after challenge with 800, 400, 200, or 100 mg/kg HGA up to the time points of harvesting. The livers and kidneys of all Fah Ϫ/Ϫ mice from which NTBC had been withdrawn for 15 d were enlarged and pale as a result of the progression of HT1, so that their macroscopic appearance could not be used to evaluate damage due to HGA injection.
Histologic examination of liver and kidneys of experimental Fah
؊/؊ mice on and off NTBC. The livers and kidneys of NTBC-treated Fah Ϫ/Ϫ mice showed normal histology. Challenging Fah Ϫ/Ϫ mice on NTBC with 800 mg/kg HGA revealed diffuse vacuolization within hepatocytes 4 h after HGA administration (Fig. 2B) , whereas loss of cell-cell adhesion, nuclear shrinkage as well as chromatin condensation, and widening of the tubular lumina was seen in kidneys (18) . Swollen hepatocytes (not shown) could be detected 4 h after challenge with 400 mg/kg HGA in the livers of NTBC-treated Fah Ϫ/Ϫ mice, but 18 h after injection, the livers had a normal appearance. The kidneys of these mice, when examined 4 h after HGA injection, revealed dilated tubules, loss of cell-cell adhesion, and nuclear shrinkage in some of the tubules. Additionally, extensive tubular degeneration and intraluminal protein casts could be detected 18 h after HGA administration. A single dose of 200 or 100 mg/kg HGA did not lead to histologic changes in the livers of NTBC-treated Fah Ϫ/Ϫ mice at any time point investigated ( Fig. 2A) . Their kidneys, however, showed many histologic features of cell and tissue damage, both 18 and 48 h (Fig. 2F ). Tubules were dilated and contained abundant eosinophilic material (Fig. 2E) .
Hepatocytes of Fah Ϫ/Ϫ mice off NTBC for 15 d showed anisocytosis, signs of apoptosis and vacuolization consistent with fatty degeneration (Fig. 2C) (20) . Kidneys of Fah Ϫ/Ϫ mice withdrawn from NTBC revealed tubular dilatation as single feature of damage (Fig. 2D) Fig. 3E ) and renal proximal tubular cells (18) 4 h after HGA administration, but staining for cleaved caspase-3 was negative (Table 1) . Only a few TUNEL-positive hepatocytes were detected 4 and 18 h after administration of 400 mg/kg HGA to NTBC-treated Fah Ϫ/Ϫ mice, whereas TUNEL-positive tubules were abundantly present in the renal cortex of these mice (Table  1) . Cleaved caspase-3 staining of renal cells was negative 4 h after challenge with 400 mg/kg HGA but became slightly positive 18 h after injection ( Table 1 ). Administration of 200 and 100 mg/kg HGA to NTBC-treated Fah Ϫ/Ϫ mice did not yield TUNEL-positive staining of hepatocytes or staining of hepatocytes for cleaved caspase-3 (Fig. 3C, Table 1 ) 4, 18, and 48 h after HGA administration. In contrast, the kidneys of these mice contained many TUNEL-positive tubules 18 and 48 h after challenge (Fig. 4C, Table 1 ). Staining for cleaved caspase-3 was also positive for a subset of their renal tubules (Table 1) , but not to the same extent as the TUNEL reaction. This shows that the kidneys of NTBC-treated Fah Ϫ/Ϫ mice are strikingly more sensitive to both a cleaved caspase-3-dependent and a cleaved caspase-3-independent HGA-induced cell death than the liver.
Challenging Fah Ϫ/Ϫ mice, which had been off NTBC for 15 d with any of the doses of HGA led to TUNEL-positive staining of only occasional cells in the liver and kidneys under all experimental circumstances (Figs. 3 and 4) . Cleaved caspase-3 was detected in a limited number of renal cells of Fah Ϫ/Ϫ mice off NTBC 48 h after challenge with 200 and 100 mg/kg of HGA (Table 1) . Thus, resistance developed after NTBC was withdrawn to cell death induced by HGA in both the liver and kidneys of Fah Ϫ/Ϫ mice.
Biochemical analyses in plasma and urine of experimental Fah
؊/؊ mice on and off NTBC. NTBC-treated Fah Ϫ/Ϫ mice had normal plasma glucose levels and alkaline phosphatase concentrations, whether unchallenged or challenged with different doses of HGA. Features of kidney dysfunction were present 18 h after administration of 400, 200, and 100 mg/kg HGA, as was evidenced by detection of elevated levels of plasma urea (Fig. 5A2 ) and plasma creatinine (Fig. 5B2 ) and decreased levels of urea and creatinine in urine (not shown). In addition, urine glucose levels of these mice were increased on HGA challenge (not shown), suggesting a reduced reabsorption of glucose by the renal tubules. We concluded that relatively low doses of HGA caused renal dysfunction but did not affect the investigated markers of liver function in NTBCtreated Fah Ϫ/Ϫ mice. 
KIDNEY DAMAGE DUE TO TYROSINEMIA TYPE I
Fah
Ϫ/Ϫ mice from which NTBC had been withdrawn showed decreased plasma glucose levels (Fig. 5C3) . Plasma alkaline phosphatase levels of these mice were increased (Fig.  5D3) . Subtyping of alkaline phosphatase yielded liver and bone subtypes in approximately equal amounts (not shown), indicating damage of parenchymal liver cells and increased activity of osteoblasts, possibly due to loss of phosphate by the kidneys. Kidney dysfunction became apparent in some, but not all, mice 48 h after injection with 200 or 100 mg/kg HGA (Fig. 5A3, B3 ). This suggests that the acquired protection from cell death is associated with partial but not complete protection from kidney dysfunction induced by relatively low doses of HGA.
DISCUSSION
The pathogenesis of liver and kidney damage caused by HT1 begins to be revealed, thanks to the availability of a mouse model for the disease that allows detailed analysis of HT1-associated processes in the liver and kidneys. However, many questions concerning the relatively new treatment with NTBC and the potential residual risks for treated HT1 patients remain to be answered. The previously reported massive cell death in both the liver and kidneys of NTBC-treated Fah 
The percentage of positive hepatocytes is scored in the livers and the percentage of positive tubules is scored in the kidneys of differently treated Fah Ϫ/Ϫ mice. Less than 1% (Ϫ), 1-5% (ϩ), 5-15% (ϩϩ), 15-50% (ϩϩϩ), and Ͼ50% (ϩϩϩϩ) positive cells or tubules were detected. Some kidneys were damaged to such an extent that the percentage of positive tubules could not be estimated due to tubules that were no longer intact. n.s., cannot be scored. A, B) , 100 mg/kg HGA (C, D), or 800 mg/kg HGA (E, F). PBS-injected mice and mice challenged with 100 mg/kg HGA were killed 18 h after injection and Fah Ϫ/Ϫ mice injected with 800 mg/kg HGA were killed after 4 h. All livers were analyzed for the presence of DNA double-strand breaks using the TUNEL assay. Only a few TUNEL-positive nuclei (closed triangle) were seen in livers of Fah Ϫ/Ϫ mice off NTBC 18 h after injection of PBS (B), 18 h after administration of 100 mg/kg HGA (D), or 4 h after administration of 800 mg/kg HGA (F). The scale bar represents 50 m. 
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mice has only been detected after exposure to high doses of HGA. Similarly, the acquired resistance of hepatocytes and renal tubular cells to this mode of cell death when NTBC is withdrawn from Fah Ϫ/Ϫ mice is related to a challenge with high doses of HGA (18, 19) . We have now extended our investigation of the pathogenesis of HT1-related liver and kidney damage by studying the effects of various doses of HGA on NTBC-treated Fah Ϫ/Ϫ mice as well as the consequences of NTBC withdrawal preceding the HGA challenges.
The in vivo administration of HGA to NTBC-treated Fah Ϫ/Ϫ mice, which will result in acute accumulation of FAA in both liver and kidneys, allows comparison of the sensitivity of these organs to the induction of cell death within individual mice. Interestingly, our experiments consistently show that the kidneys of NTBC-treated Fah Ϫ/Ϫ mice are far more sensitive to cell death induced by HGA than the liver. It is not clear which features determine the tissue-specific sensitivity to induction of cell death on HGA administration. Previous investigations suggest the involvement of oxidative stress in HT1-associated cell death (17, (21) (22) (23) . It may be that the liver is better equipped to meet the consequences of oxidative stress than the kidney. It has, for instance, been shown that the liver of rats contains more reduced glutathione than the kidneys (24) . However, further studies are necessary to elucidate the mechanism underlying the relative sensitivity of the kidney to HGA-induced damage. Based on our findings, we speculate that the liver failure, which is the predominant feature and main cause of death in patients diagnosed with the acute form of HT1 (2) that is often accompanied by complete absence of FAH protein (25, 26) , is caused by exposure to relatively high amounts of FAA. It is likewise plausible that renal tubular dysfunction, which is the most common presentation of the disease in patients with the chronic form of HT1 (2) and accompanied by residual FAH immunoreactivity (25, 26) , is the consequence of exposure to relatively low doses of FAA.
The observation that the kidneys of Fah Ϫ/Ϫ mice on NTBC are extremely sensitive to HGA-induced cell death raises the serious concern that NTBC-treated HT1 patients may be at risk of developing renal problems. Indeed, kidneys of HT1 patients will be exposed to relatively low amounts of FAA during NTBC treatment if the dose of NTBC used is not able to sufficiently inhibit HPD (15) or if NTBC intake by patients fluctuates. Unfortunately, few data on kidney function have been reported for human HT1 patients on NTBC therapy and it is, therefore, not known whether renal deterioration occurs in these patients. Based on the current findings and on the knowledge that kidney deterioration does not become clinically apparent until most of the kidney function is lost, it is advisable to strictly monitor HT1 patients being treated with NTBC, not only for the development of HCC, but also for early signs of renal dysfunction. Withdrawing NTBC from Fah Ϫ/Ϫ mice will lead to a gradual accumulation of FAA, whereby the loss of inhibition of HPD due to NTBC withdrawal will be partially compensated for by down-regulation of HPD expression due to increased FAA concentration (27) . The limited damage of the kidneys of Fah Ϫ/Ϫ mice taken off NTBC for 15 d shows that their kidneys are able to cope with this gradual increase in FAA concentration, probably as a result of induction of proteins protecting the kidney from oxidative damage. HGA enters the tyrosine breakdown cascade downstream of the reaction catalyzed by HPD (Fig. 1) , so that FAA-induced down-regulation of HPD in tissues of Fah Ϫ/Ϫ mice off NTBC will not influence the additional exposure to FAA on HGA administration. The kidneys of Fah Ϫ/Ϫ mice off NTBC become resistant to cell death induced by low doses of HGA, although they are not completely protected from deterioration on exposure to HGA. The inappropriate resistance to deathinducing stimuli may render these renal cells sensitive to accumulation of DNA mutations, ultimately resulting in the development of cancer. Although cancer of the kidney is no feature of the mouse Fah Ϫ/Ϫ phenotype and has not been reported or found in patients with HT1 (F.J. van Spronsen Groningen University Medical Centre, personal communication 2005), it cannot be ruled out that renal cancer may eventually develop in HT1 patients who underwent liver transplantation and do not receive NTBC treatment after OLT. These patients continue to excrete low amounts of succinylacetone in the urine (6,10) due to the persistence of the enzyme defect in the kidneys (1, 9) . Their kidneys are, therefore, constantly exposed to FAA that is produced locally and may acquire resistance to cell death, as has been found for Fah Ϫ/Ϫ mice. In addition, the continuous local FAA production may lead to progressive loss of function of the kidney because our results indicate that the protection from damage by the resistance to cell death is incomplete in Fah Ϫ/Ϫ mice. These considerations also apply to HT1 patients who have recovered spontaneously from the disease due to somatic reversion of one of the disease-causing DNA mutations followed by clonal expansion of reverted hepatocytes, thereby resolving severe liver damage and rickets (28) . These patients have been shown to be at risk of developing HCC due to the persistence of nonreverted hepatocytes, and their kidneys will likewise be prone to damage by locally produced FAA.
In conclusion, our study, which reveals that the kidney in particular of Fah Ϫ/Ϫ mice on NTBC is sensitive to damage induced by low doses of HGA, prompts the necessity to perform additional research on the kidney function of HT1 patients who are treated with NTBC, underwent OLT, or recovered from the disease as a result of expansion of reverted hepatocytes. Until more is known about the putative deterioration of renal function in these patients, physicians should actively monitor the kidney function of each HT1 patient.
